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Abstract 
In laser droplet generation from a metal wire a droplet is generated by laser heating of the wire-end. In the paper a problem of 
laser droplet sequence generation, which results in unsuccessful droplet detachment is considered. To solve this problem, a 
control system and strategy for laser droplet sequence generation are proposed. The control bases on in-process monitoring of the 
initial position and temperature of the wire-end are presented. The results show that by ensuring proper initial wire-end position 
and stationary wire-end temperature which can be influenced by laser pulse parameters, a reliable generation of a droplet 
sequence can be achieved.  
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1. Introduction 
Metal droplets can be used as basic elements in many applications [1]. Beside 3D structuring currently the most 
investigated and promising application is droplet joining [2] (Figure1).  By selective droplet deposition 3D 
structures are generated since the heat content of the droplet is used to interconnect the previously and currently 
deposited droplet.  In droplet joining applications the droplet heat content is used to join and the droplet volume is 
used to fill 
 
                                                                          
Figure 1,   Examples of metal droplet applications: 3D structure (left), droplet joint of a zinc-coated steel sheet (right).  
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the gap between the joining partners. The core process of all these applications is the droplet generation process. 
In existing systems for droplet generation from a metal wire electric arc is used to melt the wire-end and to detach 
formed pendant droplets [3]. Due to the known advantages of laser light, currently a laser droplet generation (LDG) 
process is in the focus of investigations.  In laser droplet generation a laser pulse energy is used to heat and to melt 
the end of the wire. From the molten end a droplet is formed under the gravity and surface tension forces. The 
pending droplet is then detached and deposited on the spot of application. To achieve a desired droplet diameter and 
to assure proper position of the wire-end relative to the laser beam focus position, the wire is properly fed during the 
LDG process. Three different systems for laser generation of droplets have been developed: system with one vertical 
laser beam and from aside fed wire (Figure 2a), system with three laser beams with their focus position equally 
distributed on the circumference of the vertically fed wire (Figure 2b), and the system with ring-shaped vertical laser 
beam that is coaxial with the vertically fed wire (Figure 2c). The later one merges the good properties of the first 
two systems, which are process symmetry, relative simplicity, flexibility and possibility of the system to enable 
preheating the spot of droplet deposition. Common to all three systems is the laser droplet generation procedure,  
 
                                                                                           
Figure 2, Schemes of developed  laser droplet generation systems: a) single laser beam, b) three laser beams, and c) coaxial laser beam . 
which encompasses droplet formation phase and droplet detachment phase. In the first phase a pulse of lower 
power and longer duration is used to form a pendent droplet without presence of evaporation, whereas in the second 
phase a pulse of higher power and short duration is used to detach the pendant droplet [2]. Parameters of the pulse 
can be very well estimated and even optimized for the case of generation of a single droplet.  However, we 
encounter the problem when a sequence of droplets at certain frequency f is wanted to be generated.  The LDG 
process is chaotic [4] and therefore very sensitive to initial conditions what can lead to droplet staying attached to 
the wire. The problem remains present even after the pulse optimization, which takes into account the frequency of 
the droplet generation [5]. Therefore, to assure reliable generation of droplet sequence possibilities to monitor and to 
control the laser droplet formation process have been investigated.  
2. Experimental setup and process characterization  
2.1. Experiential setup and laser droplet generation 
Experimental setup for laser droplet generation from a metal wire is shown schematically in figure 3. It is 
composed of the Nd:YAG pulse laser system with opto-mechanical elements, the wire feeder, and a high speed infra 
red (IR) camera. The Nd:YAG laser is used for generating laser pulses with a wavelength of 1.06 Pm. The maximal 
laser pulse power is 8 kW and the pulse duration is between 0.3 and 20 ms. The maximal pulse repetition rate is 300 
Hz with an average power of 0.25 kW. To heat the wire-end, the laser beam is directed and properly focused by 
means of the opto-mechanical elements onto the wire’s surface. The wire is fed via a controlled wire feeder. 
Maximal acceleration and velocity of the wire are 20 ms2 and 0.3 m/s, respectively. The wire controller is also used 
to synchronize the triggering of the laser pulses with the stepwise wire feeding.  
 
a) b) c) 
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Figure 3, Scheme of the experimental setup for laser droplet generation. 
Laser droplet generation process consists of two phases i.e. formation of a pendant droplet and its detachment.  A 
pendant droplet is formed by a laser pulse of lower power and longer duration to prevent evaporation of the wire 
material.  To detach formed pendant droplet a high power pulse of short duration is added at the end of the pulse for 
pendant droplet formation. Using a high power pulse a laser keyhole is generated and the keyhole vapour pressure is 
used to detach the pendant droplet. An example of the optimised pulse for droplet generation from a nickel wire of 
diameter d = 0.6 mm is shown in figure 4a. However, experiments show that laser pulse parameters, which are 
suitable for generation of a single droplet, are not suitable for generation of a droplet sequence. Namely, the 
selection and optimisation of laser pulse parameters for generation of a single droplet takes into account the initial  
 
                     
Figure 4, Examples of optimised laser pulse for : a) single droplet generation,  b) generation of a droplet sequence with frequency f=2Hz. 
temperature of the wire-end that is equal to the surrounding temperature. This is not the case when generating a 
droplet sequence. In this case of generation of the second droplet the initial temperature of the wire depends on the 
frequency f of droplet generation. Sequential application of the laser pulse that is optimal for single droplet 
generation sooner or later leads to formed pendant droplet not being detached. In general the number of laser pulses 
and theirs parameters depend on the droplet generation frequency f. In our case, due to time consumption of the 
optimisation of the laser parameters only the parameters of the first two pulses were optimised with respect to the 
selected droplet generation frequency f.  An example of the second pulse that was used to generate a sequence of 
droplets with generation frequency f = 2 Hz is shown in figure 4b. As expected, it is evident from comparisons, that 
the energy of the second pulse (Fig 4b) is lower than the energy of the pulse used to generate a single droplet (Figure 
4b).  
2.2. Process characterization 
For the purpose of characterization and monitoring of the process of  laser generation of a droplet sequence a 
high speed infra red (IR) camera has been used. Given the properties of the light emitted at the wire-end and the 
pendant droplet, the snapshots were acquired at wavelengths between 3.5 and 5 Pm. The sampling frequency of the 
IR camera was 1428 Hz at image size of 32 x 64 pixels. As the record of images is difficult to be used for further 
analysis and process characterisation a corresponding time series I(t) has been generated from the IR record of 
images. With this aim an average pixel value of the IR image has been calculated, indirectly characterizing the 
temperature of the pending droplet and of the wire-end respectively. In figure 5a an example of the time series I(t) 
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generated from the IR record of  the process for the case of successful generation of a droplet sequence with 
generation frequency f=2Hz is shown. As evident from the corresponding details (Figure 5b and 5c) each spike in 
the signal I(t) corresponds to the laser droplet generation pulse and generation of individual droplet respectively. 
The spike frequency therefore equals to the laser pulse frequency. An abrupt decrease of the spike amplitude after 
the laser pulse is a consequence of droplet detachment and the following exponential like decay of I(t) corresponds 
to cooling down of the wire-end. The minimal temperature of the wire-end achieved just before the trigger of the 
laser pulse represents the initial temperature of the wire-end for the generation of the next droplet. We can see 
(Figure 5a) that in the case of successful generation of droplet sequence values of initial wire-end temperature are 
stationary.   
 
 
 
Figure 5, Example of the generated time series I(t) and corresponding details. 
In Figure 6 an example of the time series I(t) for the case of unsuccessful generation  of a sequence of droplets is 
presented.  By means of the corresponding record of IR images, the following interpretation of the signal I(t) can be 
given. During the first seven laser pulses, which are accompanied by an increase of the minimal wire-end 
temperature, droplets were successfully detached.  However, after the eighth pulse an abrupt increase of the wire-
end minimal temperature due to undetached droplet is evident. During the following ten laser pulses droplet stays 
attached until it gets detached from the wire end by the pulse triggered after t=4s. Within the time interval t=(4,8]s 
droplets are successfully generated. After t=8s again an abrupt increase of the wire-end minimal temperature caused 
by undetached droplet is evident again. The growing pendant droplet is successfully detached again by the laser 
pulse triggered after time t=11s only. This is followed by two successful and one unsuccessful droplet detachment as 
evident at the end of the signal I(t).  
 
 
 
Figure 6, An example of time series I(t) of unsuccessful process of laser droplet generation.  
Based on the experimental observation and interpretation of the corresponding signals I(t) it can be concluded the 
following.  A successful generation of droplet sequence is characterised by a stationary minimal temperature of the 
wire-end.  Nonstationarity of the minimal wire-end temperature, which is caused by improper input of energy into 
the wire, can lead to undetachment of the pendant droplet. In addition to this, unsuccessful generation of droplets 
can presumably be caused by improper vertical initial position of the end of the wire with respect to the laser beam 
focus position.  Therefore, to assure a reliable generation of droplet sequence, initial position and temperature of the 
wire-end should be monitored and controlled.  
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3. Control system and process control  
The scheme of the control system for laser droplet generation process is shown in figure 7. It consists of the wire-
end initial position control unit and the wire-end minimal temperature control unit. The process control is based on 
real time measurements and monitoring of the initial position and temperature of the wire-end. To measure the 
position and relative temperature of the wire-end a laser position sensor and a pyrometer are used.  
Using the wire-end position control unit, before the laser beam triggering, the position of the wire-end is detected 
and properly corrected, with respect to the reference position, by a wire feed controller. Examples of  histograms of 
50 measurements of displacement s of wire-end initial position from the zero reference position for the uncontrolled 
and controlled cases are shown in figure 8a and 8b. The resolution of the measurement system was 10Pm. We can 
see that by application of the wire-end position control, displacement histogram changes from normal to uniform 
like shape. The maximal displacement for uncontrolled example is larger than in the controlled one, whereas the 
 
 
Figure 7, Scheme of the laser droplet generation control system 
standard deviation V = 0.052 is the same in both cases.  The average displacement s from the zero reference 
position in the case of uncontrolled process equals sav= -0.038mm and in controlled case sav= -0.02 mm. Here the 
negative sign denotes that on the average wire-end was in both cases below the reference position. With respect to 
the estimated standard deviation V of the wire-end initial position displacement, it can be concluded that the 
observed improvement is not statistically significant.  
 
                                        
Figure 8, Histograms of displacement of the wire-end initial position from the zero reference position: a) uncontrolled, and b) controlled process 
With the aim control of the minimal wire-end temperature a simple control strategy has been defined based on 
the in-process monitoring of the minimal wire-end temperature. The proposed strategy is based upon the ability of 
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the used industrial laser system to arbitrarily select a predefined laser pulse. For that purpose in addition to initial 
laser pulse P0 (Figure 4a) and droplet generation frequency f dependent basic laser pulse Pb  (Figure 4b), two 
additional laser pulses  Ph and  Pl  have been defined. Laser pulses Pb and Pl have the same form as the pulse Pb but 
the energy of Ph is 10% higher and the energy of Pl is 10% lower than the energy of the pulse Pb. Using the three 
defined laser pulses Pb , Ph and  Pl , that are in general dependent on the frequency f , different control strategies 
can be defined.  In our case a nonstationarity of the wire-end minimal temperature has been established as one of the 
sources of droplet undetachment. To detect and to prevent the onset of nonstationarity the following simple control 
strategy has been proposed. The process starts with the initial pulse P0 that is followed by the sequence of two basic 
pulses Pb. Then:  
x if  the last three values of the wire-end temperatures are monotonically increasing  with a predefined 
increasing rate,  the lower energy pulse Pl is applied next, 
x if the last three values of the wire-end temperatures are monotonically decreasing  with a predefined 
increasing rate,  the higher energy pulse Ph is applied next 
x otherwise the basic pulse Pb  is applied 
  
 
Figure 9, Course of the wire-end minimal temperature and corresponding histograms for a process with droplet generation frequency f=5Hz: (top) 
uncontrolled, (bottom) controlled process. 
Examples of uncontrolled and controlled process of laser droplet generation of a sequence of 130 droplets are 
shown in Figure 9. On the graphs the pyrometer measured minimal wire-end temperature U are presented relatively 
in volts. In uncontrolled case (Figure 9 top) a high scatter (V = 0.32) of the values of initial temperature around the 
average initial temperature Uav = 2.47  is observed. This is confirmed with the corresponding histogram. In addition 
to this, value of initial temperature indicated by U t 2.8 V actually corresponds to undetached droplet.  Based on 
this criterion, we can see from the graph (Figure 9 top) that in 8 cases droplet was not detached.  In the graph 
(Figure 9, bottom) beside the course of minimal wire-end temperature the application of the one of the laser pulses 
Pb, Pl and Ph is indicated with red doted line. In the controlled process the average value (Uav = 2.27) is slightly 
lower and the scatter (V = 0.11) of the minimal wire-end temperature is significantly lower in comparison to the 
uncontrolled process. In addition to this, from the values of stationary coarse of the wire-end minimal temperature,  
it can be seen that all droplets were successfully detached in the presented controlled example.  
4. Conclusions 
In the paper a problem of laser generation of droplet sequence is exposed. Results of analysis and characterisation 
of the laser droplet generation showed that the outcome of the process is presumably influenced by scatter of  the 
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wire-end initial position and by the scatter and nonstationarity of the wire-end minimal and initial temperature 
respectively.  A system to control the process based on in-process monitoring of the initial wire-end position and 
temperature was developed. Presented results show that initial position of the wire end, at least in the extent that we 
were able to improve it, did not contribute to droplet generation reliability. On the other side already a simple 
control strategy of initial temperature of the wire-end, which can be influenced by laser pulse parameters, assures 
very reliable laser droplet sequence generation. The later is very promising to make with the developed system and 
process of laser droplet generation a step forward towards applications in industrial environment. 
References 
[1] H. Liu; Science and Engineering of Droplets, Noyes, New York, 2000 
[2] E. Govekar, A. Jeriþ, M. Weigel, M. Schmidt; CIRP ann., Vol. 58,2009 
[3] P.P. Conway, E. K. Fu, K. Williams, CIRP ann., Vol. 51, 2002  
[4] B. Krese, M. Perc, Matjaž, E. Govekar; Chaos, Vol. 20. 2010 
[5] T. Kokalj, P. Mužiþ, I. Grabec, E. Govekar; 9th CIRP Int. Workshop on Mod. of Mach. Op. 2006 
